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Features of the Impact on the
Experiment Sensor Degn

Guarantee stable
operation @ high
voltage; operate below
full depletion after
Inversion.

«10-yearfluence@
Innermost layer >10
cnr? [1-MeV n

1.4 x 1@ channels
(2228 sensors) plus
spares; want to test
these under bias before
Investing chips on each

Implement integrated
bias circuit

*All of the other

subsystems located  Minimize multiple

outside the pixels scattering; minimize
Mass



Many of the sensors’ detailed features
follow from extensive studof radiation
damaye effects. Summarize those:

o 2 types of damge:
— non-ionizing energy loga the silicon bulk
— lonizationin the passivation layers

 Principal effects + inpact on degn:

— change in dopant concentration leads/ e
Inversion + increase N\ etion

e segment n-sido operate inverted sensor
partially depleted

 design forhigh operation voltage
— Increase imeakage current

* cool sensoto avoid increase in noise, power
consumption

— decrease inharge collection efficiency
e maintain good S/Nminimize capacitance
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Total fluencepredicted for each coponent’s

lifetime
Component Lifetimgyears)*  Maximum Fluence
(x 1G4 1-MeV n/cn)
B-layer 5 10.44
Layer 1 10 6.64
Layer 2 10 4.00
Disk 1 10 3.92
Disk 2 10 3.76
Disk 3 10 3.76
Disk 4 10 3.68
Disk 5 10 3.60

*This assumes luminosity ramp-up front30mr? to 1G¢“cnr?
during Years 1-3



Parameterize the effective dopant concentration
N.«to predict the depletion voltage as a function
of temperature and time:

VdepD |Neff| = |Na+ Nc + NYli where

N, = g,[®-exp(-Kl), “beneficial annealing”
N¢ = Ngfr o [1-€Xp(-6P)] + g.P, “stable damage”
Ny = g,-P-[1-(1+Kk,,t)Y], “reverse annealing”
Ks=Koa €XP(-E4KpT),

Ky1=Kov1- €XP(-Ey/KgT),
® isfluence tistime, T istemperaturgand

Oar Koa Eaar C» @ Oy Koy, @nd By are known
parameters.



Use this to predict ¥, etionVErsus calendar time:
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and to select operating and storage temperatures:
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Pow=10.08x10"n/cm?
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1000 +

depletion voltage [V]
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operating and storage temperature [°C]

6
*Assuming Standard Access Procedure: 2 days @ 20°C + 14 da
@ 17°C



General Features of the Production
Sensor Degn

* Rectangular sensors:
2 chips wide x 8 chips long -
— Each chip: 24 columns x 160 rows

— Each pixel cell: 50 x 30@m?
— Active area: 16.4 x 60.4 ntm

— Overall dimensions depend on module design
but will lie between (18.4 x 62.4 nfjnand
(21.4 x 67.8 mn).

o n*implants(dose>10*/cn¥) in n-bulkto
allow underdepleted operation after
Inversion

e Thickness:
— 200pm inner barrel
— 250um outer 2 barrels + disks



Route to a Detailed Design

* First Prototypes

— Designed in ‘97, fabricated by 2 vendors (CiS +
Seiko), now under study

— Each wafer contains

« 2 designs fofull-size sensoré‘Tiles”) that
can be assembled into (16-chip) modules

e 17 “single-chip sized” sensotisat examine
variations

— Response to rad damage is studied but not used
as a rejection criterion against a vendor.

e Second Prototypes
— Now in design; to be ordered in April ‘99

* Pre-production Sensofs

— To be designed and ordered in the first half of
2000.

* Production Sensors
— Must be ready to begin assembly in 2000.



The First Prototypes

4-inch wafers, 28@um thick, with:
— 2 full-sizeTiles
— 17single-chip sensors
— variousprocess test structures
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Features of the Full-size Sensors
(“Tiles™)
e Pitch 50 x 40Qum? to match

prototype (18 column x 160 row)
electronics

o 47232 cellper sensor

« cells in rgions between cps are
either

— elongatedo 600um to reach the
nearest chip, or

— gangedy single metal to a nearby pixel
that has direct R/O
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Elongation and Ganging of

Implants in the Inter

-chip Region

pixels not covered
by read out chip

N bump pads

connections in 1st metal layer



e n-side isolation

This Is theprincipal difference between
the 2 Tiles.

— Tile 1 “atoll” p-stops(implant dose
>10%%/cn¥) for low inter-pixel capacitance.

Fiqure 2 Detail D <{n-side>

* Dimensions:
— n* implant width - 23um
— p-stop implant width - im
— gap betweenmand g - 6 um
— gap between p-stops 4 12



— Tile 2: p-spray

A medium [(3.0 £ 0.5) x 18/cn¥] dose implant is
applied to the full n-side without masks, then
overcompensated by the high dose pixel
Implants themselves.

13 166813
|8H & |5
= § | —.L-read out pixel
: ‘%"'?F--- == floating interstrip
: | |-bump pad
EN - N
- ‘L.:'%F.;.-‘ |
L e
e 8 |
M ks 0
: ¥ { i
1
18

Figure 5, detail B

- Dimensions of structures:
— n* implant width - 13um
— floating 1t ring width - 6um
« Purpose of the floating ringo keep the
distance between implants small (for &y

but maintain low capacitance betweéh
neighboring channels.



Simulations were undertaken to
minimize cgacitance and later&d

4 design variations:

option (a) option (b)
oxide metal oxide metal
==
B psry o _f | pspray f
n-implant n-implant
Option (C) metal held on ground option (d)
metal oxide metal
S vy f - EEE - Bilpany B - T f
n-implant n-implant
Option Predicted Total Capacitance (fF)
a 162
b 261
C 363
d 128

Option (d) was utilized in the Tile 2 desiglﬁ



Thep-stops are a well-established
techngue amog sensor manufacturers.

Benefits ofp-spray:

*Reducesostby eliminating a photolithographic
step.

*Eliminates possibility of overlap of high dose n
and high dose p in case of photolithographic
failure or mask misalignment; permsgsaller
gapsbetween structures.

*p-spray Is adjusted to the oxide charge
saturation value so that as ionizing irradiation
occurs, increasing oxide charge compensates the
p-spray acceptors, reducing latdeahnd so
reducing microdischarge amttreasing Y, caxdown
throughout the sensor’s lifetime

15



e Guard rig / treatment of the e

— on the p-sidea22-ring structure ofLO um
wide pf implants Pitchincreases with radius
from 20 um to 50um. Metal overlaps implant
by 1/2 gap width on side facing active area.
Total width = 525um. (See Bischoff, et al.,
NIM A 326 (1993) 27-37.)
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— on the n-side: no conventional guard ring.
Inner guard ring of ~9Qm width surrounded
by a few micron gap. Region outside gap is
Implanted riand grounded externally. On Tile
1, center 1um of gap is implanted*dor
Isolation.

Recall that the chip is only a bump’s diameter
away.This design guarantees no HV arc from
n-side to chip.

read out chip

connected to ground (OV) read out electronics connected to ground

n-pixels n-implant in the outer region

Sensor n-bulk material
multi guard rings p-implant multi guard rings

oxide

controlled potential bias voltage (>200V)
drop

17



e Double-metal

— 30% ofprototypes use double methd
» route ganged pixels in inter-chip region
 prototype busses (on Tile 2 only) for

module interconnect studies

— Dimensions:

e 210 um wide
o thicknesses:

— Metal 2: 1.5-2.Qum
— Metal 1: 1.2-1.5%um

e Minimum spacing - 2Qm
e contact holes: 3 x 10m? in masks
 SIO, or polyimide insulator

e As-cut dimensions

To accommodate the busses, Tile 2 Is
wider than Tile 1:

— Tile 1;: 18.6 x 62.6 mm
— Tile 2: 24.4 x 62.6 mmM
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Pads

— 18 um diameter circular bum
pads with 12um diameter
passivation penings

Passivation

— 1 um thicksilicon nitride

Back side

— ptimplant (dose >18/cnv)

— 30 x 100um? aperturesin metal
below eaclpixel for stimulation
by laser

Metallization

— 2 - 6um narrower than implantto
avoid microdischaye

19



e Bias grid

For hgh yield on assembled modules, we
want totest sensorprior to attachiig
chips - so we want to bias ewechannel
on a test stand without a prand without
contactiig implants directy. A biasgrid
IS Included on Tile 2:

— Bus between every pair of columr@nnects
to small 1 implant “dot” near each pixel

— When bias is applied (through a probe needle)
to the grid,every pixel is biased by
punchthroughrom its dot.

— p-spray eliminates need for photolithographic
registration, permits distance between n-
Implants to be small- low punchthrough
voltage

— Biasgrid unused after chips are attacloexd
maintains any unconnected pixels (i.e., bad
bumps) near ground

— Dot expected to sacrifice 0.8% of active area.
20



Bias Grid

floating interstrip
punch through dot / /read out pixel

]

o

o
an

metal line ~

probe pad —

overall
bias frame\




* First Prototype electrical and
mechanical requirements

— thickness 300m

— thickness tolerancet10 pum

— maskalignmenttolerance +2 pm

— Initial depletion voltage -50-150V

— Initial breakdowrvoltage -= 200V

— initial leakaye current < 100 nA/cni

— Initial oxide breakdowvoltage -= 100V
— Implant deth afterprocessig - = 1 um

22



e Radiation hardness

Not required of the prototypes, but
they are tested for it. Required of
production sensors after @/cnt

— Breakdown voltge >600V

— Depletion voltage (normalized to 30Qm
thickness) 800V

— Leakae current (@ -5 °C and 600 V,
after 1 month of annealyat 20 °Cx25
nA per cell

23



Variations Studied on
Single-chip Sensors

 Bricking - offset cells in nghboring
rows by 1/2 lermgth to

— Improve z-resolution on double hits

— dilute cross talk coupling over 4 cells
Instead of 2

— 3 geometries:

« conventional bricking with single metal
routing to preamps

« conventional bricking with double metal
routing to preamps

 “partial bricking”
 Commonp-stap
* [p-Stop + p-spray
o Geometrical variationen inmplants +
metals 24



Organization of Pixel
Sensor Degn and Testig

« Despn + testiy of prototypes + test
structures done entiseby ATLAS; GDS-2

files provided to vendors.
30 wafers were receivad November 1997:

— From CiS: 10 single-metal, 6 double-metal, 4
2004um thick low+{ mechanical
— From Seiko: 7 single-metal, 3 double-metal

e Testirg involves

— static studieof irradiated + unirradiated,
bumped + unbumped devices, and

— test beanstudies of sensors with amplifiers.

25



Testing Methods and Results

I-\VV characteristics are used to identify fabrication
defects.

Set-upfor unassembled sensors:

multi guard rings

p-implant multi guard rings

n-hulk material + . . ,
n -implantin the outer region

punch through o

e n-pixzels
P e P
P R

*n-side guard ring is contacted via the scribe line.

*Above full depletion, pixels are pinched off from
guard ring; their current reaches the guard
thermionically.

*The potential of each pixel depends on its
distance either from the bias grid or from the
guard ring.



Measurements were made on devices
from both vendors, for sghe-metal and
double-metal:

*On new, unirradiated wafers
«After dicing
«After bunping
«After flipping

eAfter irradiation
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Sanple Results:

|-V curves of Tile 2 sensors, before assembly:

A TLAS -Pixel Prototypes by C18 —- Tiles 2

. hitride possivated

1otol cumenifa) “
a -

¥ o1-015-TI2-01

o.oe } B C1—02s-TIZ-01
L 4 g1-035-m2-m
o.o? } ¥ C1-045-TI2—01
[ % ¢1-055-TIZ—01
o.o8 } * 01 -085-TIZ-01 i o

* o1-075-M2-m
Si0M passivated

2 21-085-MN2-m
o4 } O o1 —0gs-T2—-01
LA C1-108-TI2—01

[ Thman Fehe 11,97

Three classes:

«Sensors with no significant current rise above full
depletion

«Sensors with small but acceptable current rise
above full depletion

eSensors which break down below full depletion



|-V curves of Tile 2-like single-chip sensors,
before and after bumping and flipping

x 10

<02
©0.18 -
= i
3016;
T0.14 -
+— L
80_12 . C1-015-ST2-01

e bumpbonded
0.1F m on probe station

0.08

0.06

0.04

0.02 -

| | | | | | | | | | | | | | | | | | | | |
0 50 100 150 200 25
voHage(Vg
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|-\ characteristics before and after irradiation

current [MJA]

60
85 -

50
45

35
30
25
20

15

10

40

sconsistent results with protons at LBNL
and pions at PSI

sresults obtained at different temperatures
are normalized to -ITC

Sample results for Tile 2-like single-chip
Sensors -

! I | ! | ! T T .l
C1-065-8T2-01 and C1-06S-ST2-02 e
normalized to -10°C e

e —-+—current measured at -20°C, 2.4*1 0:4 n,, fom’

100 200 300 400 500
Voltage [V]



current [MA]

Sample results for Tile 1-like single chip sensors:

80 ' 1 ' 1 ' 1 ' 1
B5 - C1-06S-ST1-01and C1-06S-ST1-02

i normalized to -10°C
50
45 - —a——current measured at -20°C, 1.1*10" n,, fem?
40 I~ ——current measured at -20°C, 2.4*10" n,_/cm®

400 500

Voltage [V]
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Sanple Results from Testbeam Studies
of Unirradiated Detectors

Charge Sharing occurs witht7um of the
pixel edge:
Run 2150 - IZM4 Threshold 3000
Charge Sharing

200 |'I-|_|-L-L|‘-|J :
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XLOC is posmon relatlve to the mterface
between 2 pixels

n = (ToT of the rightmost pixel in a pair) / fToT
of the pair) for 2-pixel clusters



Spatial Resolution Using Time over
Threshold Information12.8um, including
extrapolation error; 11.@m, deconvoluted.

X Residuals - Analog

2p00004

____En:rée_s:

11524
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0
-0.1 -60.08-0.06-0.04-0.02 06 0.02 0.04 6.06 6.08 0.1
X Residual (mm)

ATLAS Pixel Workshop - June 98 F. Ragusa



Sanple Results from Testbeam Studies of
Irradiated Detectors:

Efficiency vs. Time

Run 3330 - CIS ST2

Dose: 5 x 10” neutransxcmz me = - 445

o
Tl |

- s s | L4 ' '
x ot o+

- | | t | | |

ﬂ : 1 1 1 1 i e | H—_..I_Aj*:‘-l'*-*-l | 1 i 1 1 1 1 i 1 1 1 1 i 1 | 1 1 i+‘+l‘"..J.._l 1 i 1 1
0 10 20 30 40 50 60 70
time (ns)

*Tile 2 type sensor
Efficiency = 95.8% for high bias



Efficiency versus bias voltage, for an
Irradiated sensor, compared to results for
unirradiated sensors.

Efficiency Summary (%)

Dose: 5 x 10" neutrons/cm’ No Dose
3342 3341 3336 3343 3330 3286
CIS T2 | CIs T2 | CIS T2 ) CIS T2 | CIS T2 T2
—65 V | -125 V| 250 V| -399 V 445 -150 V
1 hit 43.0 62 .8 88.0 88.1 89.8 8.7
2 hits 0.5 0.8 3.0 6.5 6.0 12 1
43, 63.6 91 8 98.8
_
1/BX+1 0.4 0.6 1.1 0. 0.5 0.4
1/BX-1 0.7 0.7 0.5 0.1 0.1 0.1
1/any 0.5 0.3 0.1 0.1 0.1 0.1
2/BX+1 0.0 0.0 0.0 0.0 0.0 0.0
2/any 0.1 0.2 0.1 0.0 0.1 0.0
losses 50.¢ 30 . 4 9.0 6.5 4.2 1.2
Charge 6.55(3) | 7.12(3) 8.00(3) 9.03(3) 8.70(3) 120.09(5)
Milano - June 98 Atlas Pixel Collaboration
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Lost Hits and Charge Collection Efficiency
0 hits Losses

CIS §T2

2 .
neutrons/cm V.
bias

Run 3330 -

Dose: 5x 10" =- 445

_ ......... Even Cols
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T
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by
2

-
=
[

‘ ++++'+'+++ +++*++ +++ H‘ + +++ ++
H +

Charge (arb. units)

.._...j.p.ixﬁl..fcgmﬂ'.i....._....._.....i....._....._.....ipixej._fcgntﬂr_j_..__....__....__.

C 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1
[ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.3
y (mm)

. F

S 03 [
0.2 [
0.1

Pammu of last hits

*t:-’ w 'dﬁi‘ W“‘f‘, . .;ww"‘ n, " 1’-'. ﬁ

Tt Kl

E - nt - -1
-0.f :_--I_‘_-_._-_- _.'._'_.__i A A "i"'""""'
E e * ] e
B B R i i

1 1 1
0.02 0.03
X (mm)
Atlas Pixel Collaboration

-0.01 0 0.01

«Some lost hits concentrated in the region of the

bias grid on Tile 2 design...
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...but SSG, another test structure with a simplified bia
grid in the same submission, showed considerably
better charge collection behavior and all other
characteristics comparable :

Charge Collection vs. Position

Threshold 2K e
I + 2 pixels clusters

dLaz
ool

T |_ — — ﬂ
=fLin
4 02 04 90

charge (Ke) vs x-y

[ 002
fLay

il _.'____ S ) 0
T -

o 2 0.4

charee (Ke) vs x-v

=02



The SSG

Small Gap (p-spray)

Pixel De

Atlas Week - seplember

Wilano
1

2ih



Conclusions from Protgpe 1.

*Prototypeshave been fabricate¢/ |2 vendors
and successfuylltested.

*\Within present statistics, sensor
characteristics are notgladed ly ary part of
theassembl procedure

*p-spray selected as baseline isolation
technolmy.

*Desgn SSGlooksgood for chage collection,
efficiengy, high voltege stabiliy.

eSimulations were conducted fiorther
optimize the SS@gainst charge loss +
capacitance. The revised design was
submitted to the manufacturers as
Prototype 1.5to be ready this month.



The “New SSG”:




Other new results to input to the

design:

1) From theROSE CollaborationOxygen-
enriched silicons sgnificantly moreradiation
hardthan standard silicon as tested with
protons ormions.

N Comparison: Neutrons-Protons

Huence normaiized by o ratio

Standard and Oxveen enriched hy jet

= P51-1-A3-55 (S0d)
—S—P51-[-A3-83 (Neutrons, Ljubljana I1)  —8=1201-1-A3-4 (Meutrons, Ljubljana 1)

—— [206-1-A3-3 (Protons CERN)

BE+]2 -

0,:0,=3 85:2.67|

‘\

: ] 3
3IE+12 - ;
2E+12 / _F____:.____.‘ AT
I_E_+|'2 = - = . = _.__—-"'_._.'--._'_ . gaiill !
i :_W—."}—-r—t" i
i |

1E+ 14 2E+14 1E+14 4E+14

Proton fluence, nornalized by & ratio [em™)

SE+14
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2) Modified p-spray: attains dower boron
dose near the lateradn junction therely

reducirg the electric field The surface

chage at thgunction is @timized at the

saturation value (1.8 102cm?) and is

slightly higher in the center (3.8 10'%cnt?)
for safe overcomensation. The gher dose
In the centerlso reduces the pacitance

Bor-implantation

AERRRERRPTR

== S

S

n-lImplantation

(@)

™\ Oxid

Nitrid

e

p-Spray

(b)
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Protot/pe 2 wafers now In
despn:

3 Tilesper wafer; allNew SSGstyle:
svariations on biagrid to gptimize yield

*To be ordered iApril from at leas?
firms.

*Order glit to examine extra rad
tolerance ofmodified p-spray and
oxygen-diffused silicon
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The Production Program

234 thinB-layer sensors £994 250im
sensors for the remainder.

«About 1000 wafers muiredif yield is
75%.

*3 Tiles+ test structures on each 4” wafer.

*Expect first 50 wafers lire 8 weeks for
a medium foundr, 1 additional week for
each subspient 25-wafer batch we
reguire one foundy-year

*Expect todistributeproductionto 2
vendors over ¥ears.
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Anticipated Production
Sensor Testing Program

On all wafers:
svisual iIngpection ly microscqe
probing of thickness

|-V of evely tile

On a r@resentative sapte of control
structures:

|-V and C-V

*V:ammang lAYEr thickness, iplant
resistivily, Al sheet resistance,
etchirg uniformity, and algnment
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Testing and instrumentation capabilities
at UNM:

eFor silicon sensor characterization

*Alessi manual and semi-automatic probe stations with
Mitutoyo Finescope microscope

*Panasonic CCD camera with Sony monitor

*Keithley 706 scanner

*Custom low capacitance probe tips and etching apparatus
*Dark box with Faraday cage

*Keithley 617 programmable electrometer with GPIB
*Keithley 237 high voltage Source/Measure Unit with GPIB
*HP 4284A precision LCR meter with GPIB

*Kulicke & Soffa 4123 wirebonder

Class 10K clean room

*Chest & upright freezers and thermoelectrically cooled
insulated box instrumented for cold measurements of
irradiated sensors

«350 MHz Pentium computer and customized LabVIEW
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eSoftware Tools for Silicon Device Characterization
and Simulation:

*Silvaco Atlas 2-D and 3-D device simulator
*HSPICE with 2-D electrostatic solver

o|[ES 2-D and 3-D electrostatic solvers

eData Acquisition:

*ATLAS PixelDAQ Test Stand with NI VME interface,
crate, & computer

«1064 nm laser and focussing optics in dark box with
Faraday cage

*SR-90 Source and custom collimators

«Computer controlled positioning tables

eStandard internal electronics and machine shop
resources

47



The UNM wafer probing lab

48



The UNM Source/Laser Test Stand
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The Schedule:

BaselineCurrent Iltem

11/2/98
12/1/98

3/5/99

3/29/99
4/13/99
4/27/99

9/21/99
1/20/00
1/20/00
1/20/00
1/20/00
2/24/00
6/22/00
7/19/00

12/1/98Market Survey for Second Proto’s initiated

12/1/98Second Prototype Preliminary Design
Review completed

2/12/99Market Survey for Second Proto’s concluded;
4 firms qualified; Price Enquiry initiated

3/29/99Second Prototype Final Design Review
4/13/99Complete testing of First Proto’s

4/27/99Complete Second Proto design; select Second
Proto vendors

8/30/99Receive Second Proto’s
1/20/99Complete testing of Second Proto’s
1/20/00Select production sensor type
1/20/00Production Sensor Final Design Review
1/20/00Select production vendors

2/24/00Start pre-production procurement
6/22/00Complete pre-production procurement

7/19/00Complete pre-production design

12/13/0012/13/00Complete pre-production fabrication50

5/29/01

5/29/01Complete pre-production testing



